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Several of the age-induced changes in skeletal muscles such as reduced body weight and muscle weakness were also reported during hyperhomocysteinemia (HHcy), a metabolic condition that results from accumulation of the noncoding intermediary amino acid, homocysteine (Hcy), due to defective metabolism (24) . Furthermore, HHcy was reported to aggravate elderly frailty (24) . Earlier studies reported that children born with severe HHcy condition, which often results in homocystinuria, exhibited lower than normal body weights (12) . Moreover, pups (2 wk postpartum) carrying homozygous deletion for cystathionine beta synthase (CBS) gene exhibited significant reduction in body weights (29) . However, the pups with heterozygous deletion for Cbs gene (CBSϪ/ϩ pups), which exhibit mild to moderate HHcy, did not show considerable reduction in overall body weights, suggesting the chronic nature of moderate HHcy effects on muscle mass (29) . In adult mouse models of HHcy, the CBSϪ/ϩ mouse and CSE-deficient mouse, there was reduction in overall body weight (10, 14, 29) . Several parallels suggested HHcy mediated inhibition of satellite cell proliferation: 1) HHcy was shown to enhance p38 MAPK signaling in different tissue types (19, 28) ; 2) HHcy was demonstrated to enhance oxidative stress in skeletal muscles (10, 25) ; and 3) HHcy was shown to induce myostatin, an inhibitor of myogenesis, in skeletal muscles (7). However, it was not known whether HHcy also compromises satellite cell function and impairs the repair process after injury in skeletal muscles.
In the current study, we investigated whether or not HHcy impairs skeletal muscle repair after injury and if so what are the molecular mechanisms. The current study utilized the CBSϪ/ϩ mouse, a model for HHcy, to examine the HHcyassociated molecular changes in skeletal muscle regenerative capacity. We measured specific muscle weights, in vivo proliferation after muscle injury, and various stress markers that regulate satellite cell function and also attempted to reverse these changes using pharmacological means.
MATERIALS AND METHODS
Animal care and tissue collection. WT (C57BL/6J), CBSϪ/ϩ (B6.129P2-Cbstm1Unc/J 002853), and C57BL/6-Tg-EGFP mice were reared on regular chow and water as reported previously (23) . To generate a severe HHcy condition, we used 2-mo-old mice that were fed with a high-methionine and low-folate, B6 and B12 diet (HM-LF diet) for 8 wk as reported earlier (9) . All the animal studies were approved by the Institutional Animal Care and Use Committee and are in conformity with the prescribed institutional standards. Standard procedures were followed for collection of tissues after induction of general anesthesia using tribromoethanol as described before (26) . We used male mice of around 5-6 mo in our study. Genotyping for CBSϪ/ϩ heterozygotes was performed as described earlier (25) .
C2C12 cell culture. The C2C12 cell culture was maintained as reported before (26) . When the myoblasts were at the confluence of 80%, they were subjected to Hcy treatment for 24 h. At the end of the treatment period, cells were lysed and the cell lysates were prepared using RIPA lysis buffer supplemented with protease and phosphatase inhibitors.
Masson's trichrome staining. Cryo sections were stained with Masson's trichrome stain (Chromaview, no. KTRA87019, Fisher Scientific, Pittsburgh, PA) by following the manufacturer's recommendations. At the end of the staining procedure, slides were dehydrated and were mounted with Permount (Fisher Scientific). Images were obtained with the QC-capture software.
Immunohistochemistry. Tissue harvesting was done at the end of the treatment period (28 days after initial cardiotoxin injury). Tibialis anterior (TA) muscles were collected and frozen in liquid nitrogen using tissue freezing medium (Triangle Biomedical Sciences, Durham, NC). Tissues were stored at Ϫ80°C. Cryosections of 8-m thickness were sectioned using a Leica CM1850 cryostat (Leica Microsystems). Tissue sections were probed with specific antibodies by following the previously described protocol (23) . Briefly, sections were fixed with 4% paraformaldehyde for 15 min, blocked, and permeabilized with PBS containing 3% BSA and 0.3% Triton X-100 for 1 h, incubated overnight with primary antibody, incubated for 1 h with secondary antibody, and stained for 15 min with 4=,6-diamidino-2-phenylindole. Slides were washed in between steps for three times each with 5 min duration. Stained slides were mounted, and images were obtained with a laser scanning microscope (Olympus FluoView1000, B&B Microscope). Wherever necessary, antigen retrieval was performed as described previously (8) .
Western blotting. Cells were lysed using RIPA lysis buffer containing protease and phosphatase inhibitors and brief sonication. The protein concentration was estimated using the Bio-Rad Bradford reagent. Equal amounts of total proteins were resolved using SDS-PAGE and were transferred to polyvinylidene difluoride (PVDF) membranes. Membranes were probed sequentially with overnight primary antibody and 1 h of secondary antibody. The peroxidase signal was developed using luminata forte (Millipore, Billerica, MA), and signal capturing was obtained with the BioRad ChemiDoc XRSϩ system and Image Lab software (Bio-Rad) as described before (25) .
Antibodies and reagents. The antibody sources are anti-p16 and anti-p38 MAPK from Santa Cruz (Paso Robles, CA); anti-BrdU from Sigma (St. Louis, MO); anti-Pax7 and anti-Laminin-2␣ from Abcam (Cambridge, MA); anti-phospho-p44/42 MAPK (Thr202/Ty204) and anti-phospho-p38 MAPK (Thr180/Ty182) from Cell signaling (Boston, MA); and anti-GAPDH from Millipore (Billerica, MA). Horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX). Alexa fluor dye conjugated secondary antibodies were from Life Technologies (Grand Island, NY). The reactive oxygen species (ROS) detecting dye, DCFDA, was from Life technologies (Grand Island, NY). The 5-bromo-2=-deoxyuridine (BrdU) and cardiotoxin were purchased from Sigma (St. Louis, MO), and the stock solutions were prepared as per manufacturer's recommendations.
Satellite cell isolation. Satellite cells from freshly prepared hindlimb muscles were isolated by using Miltenyi Biotech satellite cell isolation kit (San Diego, CA) and following the manufacturer's recommended protocol. Briefly, isolated and minced muscles were incubated with the enzyme mix in DMEM on a gentleMACS dissociator for 1.5 h at 37°C. After the incubation, the suspension was cleared by using a cell strainer and centrifugation. The cell pellet was cleared from RBCs and was incubated with a mixture of antibodies (CD45, CD31, CD11b, and Sca1) conjugated with magnetic beads. The labeled nontarget cells were removed by passing the cell suspension through a column attached to a strong magnet. The purified satellite cells were used for further analysis or for cell culture.
Q-PCR. Total RNA was isolated using the TRIzol reagent. The quantity of RNA was assayed using a nanodrop spectrophotometer. Equal amounts of total RNA were used for cDNA synthesis by using a miScript II RT kit (Quiagen, Valencia, CA). Real-time PCR was performed using SYBR green chemistry (Quiagen, Valencia, CA) and a light cycler (Roche, Indianapolis, IN). The following primer pairs (5= to 3=) were used to quantify specific gene expression: beta-Actin, forward GGCTGTATTCCCCTCCATCG and reverse CCAGTTGG-TAACAATGCCATGT; p21 forward CCTGGTGATGTCCGACCTG and reverse CCATGAGCGCATCGCAATC.
Crystal violet staining. Equal number of satellite cells were cultured on the laminin-coated cell-culture dishes for 5 days with the DMEM medium containing 10% FBS and 1% penicillin and streptomycin solution. Medium was changed on every other day. At the end of the cell culture, the cells were gently washed with PBS and were fixed with 1% paraformaldehyde for 10 min. After appropriate washes, the plates were further incubated with 0.1% crystal violet stain for 15 min. The excess stain was removed with 3 separate washes and the plates were dried. Cell growth pattern and colony morphology images were obtained with the help of Bio-Rad ChemiDoc XRSϩ system.
Flow analysis. Purified satellite cells were prepared for flow analysis using indirect labeling method. Briefly, cells were fixed with 0.03% paraformaldehyde for 10 min and were washed three times before the permeabilization with 1% BSA and 0.5% Triton X in PBS. The cells were incubated overnight with specific antibodies and were further incubated with an appropriate combination of secondary antibodies conjugated with Alexa fluor dyes for 30 min. After thorough washes, cells were analyzed using Accuri C6 flow cytometer (BD Biosciences, San Jose, CA).
DCFDA staining and ROS level determination. The C2C12 cells were harvested after treatment with homocysteine for 24 h using trypsin-EDTA. An equal number of cells was incubated in dark with the 0.2 M working DCFDA solution for 30 min at 37°C. After incubation, cells were collected and washed three times with PBS and were analyzed using Accuri C6 flow cytometer (BD Biosciences, San Jose, CA) at a wavelength of 488 nm.
BrdU labeling. We employed the protocol that was described before (18) . Briefly, to measure cell proliferation rate in the cardiotoxin-injured muscles, BrdU dissolved in sterile saline was injected via intraperitoneal route for 5 days beginning 4 h before the muscle injury. After 5 days of cardiotoxin injury, the TA muscles were surgically separated and were analyzed for the extent of BrdU labeling. Injured muscles were surgically isolated at the end of the treatment and were frozen in liquid nitrogen after embedding in tissue freezing medium.
Satellite cell engraftment. Age-and sex-matched mice were divided into two groups and were treated with either saline or SB202190 (Sigma-Aldrich, St. Louis, MO) for 3 days with a dose of 5 mg·kg Ϫ1 ·day Ϫ1 by administering the drug intraperitoneally. On the first day of SB202190 administration, TA muscles on both the legs were also injected with a single dose of 15 g of cardiotoxin (Sigma-Aldrich) into each muscle at three different sites. On the third day, all mice received a single injection of purified satellite cells (ϳ40,000 live cells) isolated from the GFP mouse (a transgenic mouse with C57 background that expresses enhanced GFP protein under chicken beta-actin promoter; stock number 006567, The Jackson Laboratory, Bar Harbor, ME) hindlimb muscles using the Miltenyi Biotech satellite isolation kit. GFP-satellite cells from different mice were pooled, and live satellite cell count was determined by using trypan blue dye. All the TA muscle engraftments received 40,000 live satellite cells at three different locations. All the engraftment procedures were carried out after administration of general anesthesia using 3% isoflurane. After 4 wk of the engraftment, mice were killed, and the TA muscles with and without engraftments were collected from different groups for analysis.
Statistical analysis. Student's t-test was used to enumerate the degree of significance between the observed means from different groups. A P value of Ͻ0.05 was considered significant. Images from the Western blotting were obtained and analyzed using Image lab (Bio-Rad, Hercules, CA) software. For quantification and analysis of Q-PCR data, we used light cycler software from Roche. Unless otherwise mentioned a minimum of 3 replicates was used for the studies. Values are presented as means Ϯ SE.
RESULTS
Reduced muscle mass in CBSϪ/ϩ mice. In the current study, we directly measured the individual muscle weights at the age of 6 mo in CBSϪ/ϩ mice compared with the age-and sex-matched WT control mice to know if the HHcy condition causes sarcopenia. As shown in Fig. 1, A and B , only the gastrocnemius (GN) muscles from CBSϪ/ϩ mice weighed significantly lower compared with the GN muscles from WT, but there is no difference in the tibialis anterior (TA) muscle weights between the two groups. In addition, when the CBSϪ/ϩ mice were fed with high-methionine and low-folate diet (HM-LF diet) for 8 wk, which creates a severe HHcy condition, both the GN and TA muscles showed considerable sarcopenia. These results together with the previous reports suggest that the HHcy condition is associated with sarcopenia.
Compromised in vivo cell proliferation/activation after injury in CBSϪ/ϩ mouse muscles. Next, to directly assess if HHcy condition compromises the repair process after injury, we used the cardiotoxin muscle injury model in combination with BrdU labeling as described before (18) . After 5 days of cardiotoxin injury, the TA muscles were surgically separated and were analyzed for the extent of BrdU labeling. As depicted in Fig. 2, A and B , the relative cell proliferation as evidenced by the BrdU-labeled nuclei within the skeletal muscles sections was compromised in CBSϪ/ϩ mouse compared with that of the WT mouse. These results together with the lower muscle mass indicated that there was a certain degree of satellite cell, the primary cells that participate in muscle repair after injury, functional compromise in the HHcy mouse.
No significant difference in Pax7 expression levels in satellite cells from CBSϪ/ϩ mouse. To test if there is any difference in the level of Pax7 protein in the satellite cells from WT and CBSϪ/ϩ mouse muscles, we have purified satellite cells from hindlimb muscles and assessed the levels of Pax7 through flow cytometry. As measured in Fig. 3 , the satellite cells from both the CBSϪ/ϩ and WT mice exhibited similar levels of Pax7 expression, suggesting that the proliferative defect and chronic loss in muscle mass observed in CBSϪ/ϩ mice are not due to changes in the Pax7 expression levels.
Satellite cells from CBSϪ/ϩ mouse exhibit compromised in vitro proliferation capacity. Next, to further confirm whether the defect in injury-induced cell proliferation with the CBSϪ/ϩ mouse muscles is due to defective satellite cell proliferation, we purified satellite cells, cultured an equal number of cells on laminin-coated cell-culture plates, and assessed the colony forming capacity. As shown in Fig. 4A , satellite cells from CBSϪ/ϩ mouse displayed attenuated proliferative function after 5 days of culture. Further, there was a significant difference in the total number of detectable colonies as well as in the average colony color density staining (Fig. 4 , B and C) between the satellite cells from WT and CBSϪ/ϩ mice. These results further indicated that there is a detectable Upregulation of p16 and p21 levels in satellite cells from CBSϪ/ϩ mice. As there was a measurable defect in proliferative capacity of the isolated satellite cells, next we checked if there is any inhibitory mechanism in place that prevents efficient satellite cell proliferation and activation after injury. Earlier studies have demonstrated that increased presence of cell cycle inhibitors such as p21, p16 and p27 might undermine cell proliferative function (1, 4, 6 ). As shown in Fig. 5A , the satellite cells from CBSϪ/ϩ mouse muscle sections exhibited higher amounts of p16 levels that were colocalized with Pax7-containing nuclei, whereas the Pax7-expressing nuclei from WT muscle sections showed minimal amounts of p16 levels. Further, we measured p16 expression levels through flow analysis in the isolated satellite cells (Fig. 5B) . The results from the flow analysis further supported the findings from the colocalization studies and suggest that satellite cells from HHcy mouse model exhibited compromised cell replication potential due to elevated p16 levels. Next, we also examined p21 levels, another inhibitor of CDK and cell cycle, through Q-PCR and found that there was a significant elevation in the p21 mRNA levels as well in the satellite cells from CBSϪ/ϩ mice (Fig. 5C ). These findings together implied that enhanced presence of cell cycle inhibitors (p21 and p16) could be attributable to the derailed satellite cell function in HHcy mouse.
CBSϪ/ϩ mouse satellite cells exhibit elevated phospho-p38
MAPK signaling. Enhanced presence of cyclin-dependent kinase (CDK) inhibitors (p21 and p16) in the satellite cells from aged muscles was reported mainly due to excessive activation of p38 alpha/beta MAPK (1, 4). Moreover, earlier studies have independently demonstrated that HHcy condition induces inadvertent p38 MAPK activation in both the cardiomyocytes and glomerular mesangial cells (19, 28) . Hence, we elected to test if satellite cells from CBSϪ/ϩ mice also exhibit enhanced p38 MAPK activation. To this end, we studied the extent of p38 MAPK activation by assaying for phosphorylated p38 alpha/beta MAPK levels in satellite cells through flow cytometry. As exhibited in Fig. 6, A and B , satellite cells from CBSϪ/ϩ mice displayed significantly elevated presence of activated p38 MAPK levels. Based on these results, it is plausible that excess p38 MAPK activation might be involved in upregulation of cell cycle inhibitors, p21 and p16, and in inhibition of satellite cell proliferation.
Heightened oxidative stress in CBSϪ/ϩ mouse satellite cells. Since HHcy condition in general and specifically in different muscle tissues [cardiac and skeletal muscles (25, 28) ] was implicated in causing ROS accumulation and enhancement of oxidative stress, and oxidative stress has been implicated in aberrant activation of p38 MAPK activation (3, 13, 20) , we verified whether there is any heightened ROS accumulation concurrent with aberrant p38 MAPK activation in satellite cells from CBSϪ/ϩ mice. As displayed in Fig. 7 , we measured the levels of ROS accumulation in purified satellite cells using cell-permeant reagent 2=,7=-dichlorofluorescin diacetate (DCFDA). The satellite cells from CBSϪ/ϩ mouse muscles displayed enhanced ROS presence as evidenced by the enhanced fluorescence intensity (Fig. 7) , further suggesting enhanced ROS presence involvement in aberrant activation of p38 MAPK and elevated expression of cell cycle inhibitors thereby causing attenuated self-renewal capacity in the satellite cells from CBSϪ/ϩ mouse.
Hcy treatment increases oxidative stress, p38 MAPK activation and p16 levels in C2C12 myoblasts. To further confirm our results and to establish the cause and effect relationship, we treated C2C12 myoblasts with homocysteine (Hcy) for 24 h and assayed for ROS levels through flow cytometry (Fig. 8, A and B) and p38 MAPK activation and p16 levels through Western probing (Fig. 8, C and D) . As presented in Fig. 8 , treatment of C2C12 myoblasts with Hcy not only caused ROS accumulation but also increased concomitant p38 MAPK activation as well as p16 levels. These findings further corroborated our earlier findings and suggested that HHcy is inhibiting satellite cell proliferation/self-renewal through enhancing ROS, p38 MAPK activation, and p16 and p21 levels. We also assayed for activation of ERK (phosphorylated p44/42 MAPK) levels after Hcy treatment in C2C12 cells (Fig. 8C) . Although we were able to observe a tendency for enhanced ERK activation, the activation was not significantly different.
Inhibition of p38 MAPK results in amelioration of muscle repair failure after injury. Next, we tested whether CBSϪ/ϩ mouse is more prone to muscle injury and if so whether or not it can be ameliorated by pharmacological inhibition of p38 MAPK. For this purpose, we used cardiotoxin injury model with a combination of highly specific p38 MAPK inhibitor (SB203580) administration as described before (1, 4) . As displayed in Fig. 9 , there was a considerable degree of attenuation of muscle repair after cardiotoxin injury in CBSϪ/ϩ mouse muscles as evidenced by enhanced collagen deposition. However, with simultaneous administration of p38 MAPK inhibitor, we were able to notice significant amelioration of muscle injury and the repair process that is close to normal (WT control and WT treated) mouse muscles.
Inhibition of p38 MAPK results in better satellite cell engraftment after injury. In addition to extent of muscle damage after injury, we also evaluated engraftment potential of the exogenously delivered GFP expressing WT satellite cells in the injured muscles with and without pharmacological inhibition of p38 MAPK. As presented in Fig. 10 , there is a considerable degree of improvement in engraftment of exogenously delivered satellite cells in CBSϪ/ϩ mouse only with SB203580 administration after injury. These results together imply that HHcy not only attenuates the repair process by inhibiting the satellite cell activation/proliferation, but also produces a hostile environment that is not conducive for exogenously implanted satellite cells. All these HHcy-induced aberrances can be ameliorated by inhibiting p38 MAPK activity. 
DISCUSSION
In the current study we demonstrated that HHcy is associated with 1) sarcopenia, 2) reduced cell proliferation after muscle injury, 3) diminished proliferation capacity of satellite cells in vitro, 4) increased ROS accumulation, 5) aberrant p38 MAPK activation, and 6) elevated CDK inhibitor presence in the satellite cells. Further, by using specific p38 MAPK inhibitor administration, we also showed that the HHcy-induced deficiencies in the muscle repair and engraftment potential can be ameliorated. Although it needs to be further established in the case of human scenario with the HHcy condition, our study identified several similarities that indicate compromised satellite cell function in humans as well. 1) Association between HHcy and muscle weakness was reported both in the humans and in mouse models (24, 26) . 2) HHcy was associated with progressive decline in body weights both in humans and in mouse models (12, 14, 29) . Notably, the CBSϪ/ϩ mice do not exhibit significant reduction in the body weights within 14 days of postpartum, but do exhibit significant reduction at around 3 mo of age. Moreover, when the CBSϪ/ϩ mice were fed with the high-methionine and low-folate diet, which further enhances Hcy levels, there was further acceleration in sarcopenia (Fig. 1) . Hence, our study indicates that severity of the satellite cell dysfunction is dependent on the Hcy plasma levels, the duration of the HHcy condition, and the intake/availability of the dietary factors that modulate Hcy levels. The similarities between human and mouse HHcy muscle phenotypes together with our current findings imply that the HHcy condition may chronically inhibit satellite cell activation and may derail recovery after injury. The study further proposes that either correction of the HHcy condition or targeting p38 MAPK activation might benefit alleviation interventions/postinjury rehabilitation measures for adults with HHcy.
Apart from cell cycle arrest in the satellite cells, sarcopenia could also result from excessive cell death or activation of atrophic transcription through FOXO transcription factors (15, 23) in the muscle fibers. However, our previous study ruled out the induction of atrophic genes such as atrogin-1 and MuRF-1 in the intact muscles from CBSϪ/ϩ mice (23) . Furthermore, histological sections from CBSϪ/ϩ mice neither exhibited abnormal cellular infiltration nor showed centronuclear muscle fibers that are suggestive of cell death or inflammation (26) . These findings together strengthen the current finding that HHcy-associated sarcopenia could be due to compromised regenerative potential and may not be due to excessive muscle atrophy (through activation of atrogin and MuRF) or cell death. However, the previous study also indicated that there was significant reduction in the muscle fiber size in the CBSϪ/ϩ mouse muscles as evidenced by the presence of relatively more intermediate-size muscle fibers instead of large-size muscle fibers (26) . The overall reduction in muscle mass and muscle fiber size could be due to other types of atrophy independent of FOXO transcription as well as defective satellite function as described in the current report. Although speculative, it would also be interesting to further investigate whether there are any muscle type-specific (location in the body or usage or vascular intensity) or fiber type-specific (oxidative vs. glycolytic) changes associated with HHcy.
One potential outcome from the current study is that oxidative stress induced by HHcy is involved in the inhibition of satellite cell function. Although previous studies have implicated the damaging effects of oxidative stress or ROS accumulation over the satellite cell function (17) , the relevant metabolic factors that cause oxidative stress are not identified. Our study indicates that pathological elevation in the homocysteine levels prevents satellite cell self-renewal/proliferation upon injury by potentially elevating ROS levels. Although the mouse muscle scenario is different compared with human skeletal muscles in that the Hcy metabolizing enzymes are not expressed in the mouse skeletal muscles (25) , the potential harmful effects of HHcy on skeletal muscles are still noticeable in humans, albeit, at later stages of life (aged population) (24) . Our study further suggests that amelioration of oxidative stress by locally enhancing antioxidants or inhibition of p38 MAPK by pharmacological means are the efficient strategies in targeting rehabilitation/injury recovery and in prevention of elderly frailty observed in HHcy individuals.
One limitation of our study is that we could not perform functional studies as we lack the equipment to measure the in vivo functional parameters of the TA muscles in different groups. Nonetheless, previous studies have well established that pharmacological inhibition of p38 MAPK is the efficient way of recovery of function after injury in aged animals (1, 4) . Another shortcoming is that we could not create extensive multiple-muscle damage (whole limb damage) on ethical grounds; hence we performed restricted damage only to the TA muscles. Another potential weakness is that we could not employ irradiation strategy (unable to get access to an irradiator and radioisotopes) to completely deplete the endogenous satellite cell pool before the engraftment of GFP-expressing exogenous satellite cells. Nonetheless, our results that measured collagen deposition after injury not only complemented the engraftment studies but also supported the conclusions made from the engraftment experiments.
Although not tested in the current study, other potential factors that further aggravate the oxidative stress-induced in- hibition of satellite cell proliferation need to be considered in the efficient design of interventions to counter HHcy-induced inhibition of satellite cell function. For example, HHcy was shown to induce myostatin in CBSϪ/ϩ skeletal muscles (7) . Previously, it was demonstrated that imbalance between Notch and Smad3 activation could also induce CDK inhibitors such as p21 and p16 (2), as also reported here. Moreover, myostatin depends on the p38 MAPK signaling in induction of CDK inhibitors especially p21 (16) . Future studies are needed to further unravel the relative contribution of elevated myostatin and ROS levels in induction of p16 and p21 levels through p38 MAPK signaling during HHcy. Although not verified in the current study, excessive induction of p16 and p21 has been noted to cause an irreversible senescence state in the resting satellite cells as evidenced by senescence-associated ␤-galactosidase staining (21) . As p53 has been implicated to play a pivotal role in induction of p16 and p21, it is plausible HHcy may alter the p53 function or level as well, apart from excessive p38 MAPK activation. Further support for this possibility comes from the literature that suggested that homocysteine inhibits hepatocyte proliferation through elevation of p53 and p21 levels (30) . Future studies are needed to test these possibilities in the satellite cells from HHcy.
As oxidative stress was also reported to induce MEK/ERK pathway (20) and activation of MEK/ERK pathway also induces cell cycle inhibitors and thereby causes cellular quiescence or senescence (5), we tested if Hcy treatment also causes induction of ERK (p44/42 MAPK) phosphorylation in C2C12 cells. Although we could not observe significant elevation of phosphorylated ERK after 24 h of 100 m Hcy treatment, it is plausible that either ERK activation may occur at different time points not tested in the current study or the relative strength of the ERK signaling might be limited due to the feedback activation of ERK-specific phosphatases. It is also possible that Hcy-mediated oxidative stress in C2C12 cells may differentially activate ERK and p38 MAPK proteins as observed in different cell lines (31) . Future studies are necessary to clarify these possibilities.
In summary, the results from the current study support the notion that the CBSϪ/ϩ mouse, a model for the HHcy condition, exhibited compromised regenerative function and cell proliferation upon injury. However, there was no difference in Pax7 expression levels in the satellite cells from CBSϪ/ϩ mouse skeletal muscles. Interestingly, the satellite cells from the CBSϪ/ϩ mouse not only exhibited diminished in vitro proliferative capabilities, but also there was heightened oxidative stress. In addition, there was enhanced p38 MAPK activation as well as p16 and p21 expression in the CBSϪ/ϩ mouse satellite cells. Moreover, the C2C12 myoblasts also exhibited higher p38 MAPK activation and p16 expression upon treatment with homocysteine in addition to enhanced ROS presence. Tissue engraftment potential and regeneration after injury were restored upon treatment with p38 MAPK inhibitor, SB203580, in the CBSϪ/ϩ mouse. These results together suggest that HHcy-induced diminished satellite cell proliferation involves excessive oxidative stress and p38 MAPK signaling. Our study further proposes that HHcy is a potential risk factor for elderly frailty, and needs to be considered as a therapeutic target while designing the alleviation interventions/postinjury rehabilitation measures for adults with HHcy.
